A novel liquid chromatography-multiple reaction monitoring (LC-MRM) procedure has been developed for retrospective diagnosis of exposure to different forms of mustard agents. This concise method is able to validate prior exposure to nitrogen mustards or sulfur mustard (HD) in a single run, which significantly reduces analysis time compared to separate runs to screen for different mustards' biomarkers based on tandem mass spectrometry. Belonging to one of the more toxic classes of chemical warfare agents, these potent vesicants bind covalently to the cysteine-34 residue of human serum albumin. This results in the formation of stable adducts whose identities were confirmed by a de novo sequencing bioinformatics software package. Our developed technique tracks these albumin-derived adduct biomarkers in blood samples which persist in vitro following exposure, enabling a detection limit of 200nM of HN-1, 100nM of HN-2, 200nM of HN-3, or 50nM of HD in human blood. The CWA-adducts formed in blood samples can be conveniently and sensitively analyzed by this MRM technique to allow rapid and reliable screening.
Introduction
Nitrogen and sulfur mustards belong to a class of highly reactive alkylating vesicants that can be potentially used as chemical warfare agents (CWAs). Mustards are generally classified as blistering agents because of the burnlike wounds and blisters induced on exposed personnel (1) . They have the ability to react with a wide variety of biological molecules to cause severe damage to the eyes following direct exposure, as well as to the respiratory system and internal organs following systemic exposure (2) . Being extremely toxic chemicals, these electrophiles are controlled as Schedule 1 chemicals in the Chemical Weapons Convention (CWC).
Several nitrogen and sulfur mustard biomarkers in the form ' Author to whom correspondence should be addressed. E-maih ythonghi@dso.org.sg.
of urinary metabolites, DNA adducts, and protein adducts have been reported. Urinary biomarkers are advantageous as urine collection is a fast and non-invasive technique. Lemire and coworkers (3) reported a sensitive liquid chromatographytandem mass spectrometry (LC-MS-MS) method for the analysis and quantitation of N-ethyldiethanolamine (EDEA), Nmethyldiethanolamine (MDEA), and triethanolamine (TEA) to detect exposure to nitrogen mustard in human urine. Several other analytical techniques [gas chromatography (GC)-MS, LC-MS-MS] were also developed for the analysis of sulfur mustard metabolites in urine (4) (5) (6) (7) (8) . However, there is only a short diagnostic window of around two days, as these urinary metabolites are rapidly eliminated from the body. The analysis of DNA adducts was also widely studied (9-11) because of the presence of nucleophilic bases and phosphate group of DNA molecules. The study of protein adducts has gained importance over the years because of their enhanced retrospective nature, which makes them more suitable for biomonitoring of human exposure to CWAs. Hemoglobin and albumin adduct formation upon exposure to nitrogen and sulfur mustards has been investigated by Noort and co-workers (12) (13) (14) because of the efficient covalent binding of mustard agents onto these blood proteins. These protein adducts also have a higher half-life compared to DNA adducts because of DNA's intrinsic repair mechanisms. To date, no published literature on the concurrent analysis of nitrogen and sulfur mustard protein adducts in the development of a rapid and comprehensive screening method is available. In this paper, we will focus on the parallel analysis of protein adducts, particularly mustard-albumin biomarkers, towards confirmation of agent exposure. Our attention lies in the study of various types of nitrogen and sulfur mustards alkylated onto human serum albumin in blood samples. The adducts' LC-MS-MS spectra were analyzed and fragmentation patterns were compiled in the development of a novel LC-multiple reaction monitoring (MRM) single run sequence to track these albumin-derived biomarkers that persist in vitro following exposure. Verification of the chemical agentbiomolecule adducts' identities was performed by a de novo sequencing bioinformatics software, with these CWAs programmed as modifications to the pronase digested peptide chain. The building up of these laboratory analytical capabilities with unambiguous results support retrospective diagnosis of possible chemical agent exposure. This is vital to validate possible use of CWAs among mass casualty incidents should such cases occur, which is particularly relevant in the current world as the fears of terrorism threats heighten. The development of these diagnostic tools can effectively reduce the expected large number of "worried-well" individuals from such events as demonstrated from the Tokyo Satin Incident in 1995.
Experimental Caution
Nitrogen and sulfur mustards are highly reactive alkylating vesicants and cytotoxic agents. Handling of the agents (in dilute amounts) by experienced personnel was carried out in well-ventilated fume cupboards. Gloves and stringent protective measures were adopted.
Materials
Nitrogen and sulfur mustards [bis(2-chloroethyl)ethylamine (HN-1), bis(2-chloroethyl)methylamine (HN-2), tris(2-chloroethyl)amine (HN-3), and 2,2'-dichlorodiethyl sulphide (HD)] were synthesized in-house by our team of organic chemists. The purity of these CWAs ranges from 96% to 99% (based on GC-MS and 1H-NMR analysis). Acetonitrile and methanol were obtained from J.T. Baker (Phillipsburg, N J). Ammonium bicarbonate and pronase (protease type XIV from Streptomyces griseus, EC 3.4.24.31) were purchased from Sigma-Alrich (St. Louis, MO). Formic acid was obtained from Acros (Springfield, NJ), and sodium chloride was from Merck (Rahway, N J). Household Bleach was sourced from local suppliers. All solvents and reagents were of HPLC grade and buffers were prepared with water from Milli-Q system (Millipore, Bedford, MA). HiTrap TM Blue HP Affinity columns (1 mL) and PD-10 desalting columns were purchased from GE Healthcare (Uppsala, Sweden). Amicon | Ultra-4 centrifugal filter units (10kDa molecular mass cutoff) were obtained from Millipore, and SPE C18 Cartridges (Bond Elut | 3-cc, 500-rag capacity) were purchased from Varian (Palo Alto, CA). Human blood was donated by research staff in our laboratory. Whole blood was collected in lithium heparin tubes to prevent coagulation.
Instrumentation
Sample preparation was aided with a CMA/100 microinjection pump (CMA Microdialysis, Sunderland, U.K.). UV detection was performed using Agilent 8453 UV-visible system controlled by Chemstation software (version A.02.05). HPLC separation was performed using Waters | 2695 Alliance Separations Module (Bedford, MA), fitted with a Phenomenex Luna C18 reversed-phase column (150-mm x 1.0-mm i.d., 5-1Jm particle size, and 100-g. pore size). Two solvent delivery systems were used which were under continuous PerformancePLUS TM inline vacuum degassing. The autosampler and column heater temperature were adjusted to 4~ and 30~ respectively. Ion-ization was performed using a positive electrospray ionization (ESI+) probe (Micromass, Manchester, U.K.), and the LC system was interfaced to a Quattro Micro triple-quadrupole MS for tandem MS analysis. Nitrogen was used as the carrier gas with a pressure of 70 psi. The source and desolvation temperatures were set to 120~ and 300~ respectively. The entire LC-MS operation was controlled using Micromass | MassLynx TM 74.0 software. Data analysis was carried out in PEAKS Studio V4.2 (Bioinformatics Solutions, Waterloo, ON, Canada) software.
Bioanalytical methodology
The bioanalytical technique comprises incubation of human blood with HN-], HN-2, HN-3, or HD, isolation of albumin from blood plasma, enzymatic (pronase) digestion, and subsequent HPLC-MS analysis of the adducted tripeptides. The experimental workflow is summarized in Figure 1 .
Incubation of blood with nitrogen and sulfur mustard. Two milliliters of human blood was exposed to a solution of nitrogen or sulfur mustard (HN-1, HN-2, HN-3, HD, or a mixture of mustard agent) in acetonitrile to a final concentration ranging from 20nM to 201JM of mustard agent. The spiked blood samples were incubated at 37~ for 2 h under gentle shaking.
Isolation of plasma and albumin from blood. Spiked whole blood was centrifuged at 500 x g for 5 min to allow separation of the plasma from red blood cells. The plasma obtained (~1 mL) was passed through a HiTrap Blue HP pseudo-affinity column after conditioning the column with 20 mL of buffer A (50mM sodium phosphate at pH 7). The column was washed with 10 mL of buffer A at ] mL/min before elution process was carried out with 5 mL of buffer B (50mM sodium phosphate at pH 7 with 2M NaC1) at 1 mL/min which was collected in 0.5 mL batches. The five highest UV positive (280 nm) eluent batches were pooled (total volume 2.5 mL). Regeneration of column was carried out by washing with buffer A for 20 mins at 1 mL/min and kept in 20% ethanol for storage. Subsequently, a PD-10 column (with 8.5 mL of Sephadex G-25 material) was equilibrated with 25 mL of buffer C (50mM ammonium bicarbonate). The 2.5 mL of isolated albumin was applied to this column for desalting purposes. The column was eluted with 3 mL of the buffer C (with the first 0.5 mL of eluent being discarded).
Pronase digestion of albumin. To the 2.5 mL of purified and desalted serum albumin was added a solution of pronase (10 mg/mL) in 50raM ammonium bicarbonate (625 IJL). The resultant albumin enzyme mixture was incubated at 37~ for 2 h (under gentle shaking) before the sample was transferred to 10kDa cut-off centrifugal tubes and filtered at 4000 • g for 20 min to remove the enzyme.
Sample clean-up. The filtrate obtained after ultrafiltration was passed through a solid-phase extraction (SPE) C18 cartridge (previously conditioned with 10 mL of methanol and 5 mL of 0.1% TFA in water). The SPE column with bound mustard-tripeptides was washed with 3 mL of 0.1% TFA in water.
Elution process was performed using 1.5 mL of 40% acetonitrile with 0.1% TFA in water. The eluent was dried with a vacuum concentrator at 30~ (30 rain) and 60~ (2 h). The dried sample was reconstituted in 80 pL of water and briefly sonicated in a water bath before LC-MS-MS analysis. Table I . For development of a rapid screening method for detecting the presence of mustard adducts, MRM mode was utilized to monitor the number of times where there is a transition of the parent ion (i.e., mustard-tripeptide adduct) into the key daughter ions. Operating conditions was similar to tandem MS mode, with a dwell time of 1 s programmed to monitor the transitions. Three main transitions were chosen for each adduct where the parent biomarker breaks down into specific fragments. The choice and identity of the key fragments are shown in Table I . This information was programmed into a MRM run sequence with four channels, screening for unique mustard-adduct in each channel.
LC-tandem MS/MRM analysis. MS-based verification
Data analysis. The tandem MS spectrum was imported into PEAKS Studio bioinformatics software to perform de novo peptide sequencing (15). The parameters were adjusted to permit identification of mustard gas as a post translational modification (PTM) to the tripeptide structure. The nature of the enzyme was set to unknown as pronase's cleaving actions are non-specific. The parent and fragment mass error tolerance were set to 0.2 and 0.3, respectively. The programming algorithm is set in a manner such that all cysteines will be modified regardless of their positions on the peptide chains. Modification libraries were set to include the PTM mass of all four types of hydrolyzed mustard agents: 115 (HN-1), 101 (HN-2), 131 (HN-3), and 104 (HD).
Results and Discussion

Adduct formation of albumin with different mustard gas
Human serum albumin is a single chain protein (~ 66.5kDa) containing 585 amino acids with 17 disulfide bridges and one free thiol group at Cys-34 (16). It is effectively alkylated by nitrogen and sulfur mustard at this Cys-34 residue site (shown in Figure 2 ). The strong covalent bond between the CWA and Cys-34 makes this structure highly stable and suitable as an albumin-mustard biomarker after pronase digestion. The resulting adducted tripeptide can be accurately and sensitively analyzed by LC-MS-MS.
Identification of mustard-albumin adduct
LC-MS-MS analysis of the digested albumin samples exposed to various nitrogen and sulfur mustard agents revealed the presence of their respective mustard-albumin adducts identified by characteristic molecular ions (Table II) which were absent in plasma albumin samples isolated from non-exposed blood samples. The identities of these adducts were confirmed by the fragmentation pattern of these parent ions which yields very specific signature ions. Previous works by Noort and coworkers (12,13) in separate occasions have reported alkyl-ation of sulfur mustard and certain nitrogen mustards has occurred on Cys-34 of the tripeptide. In this paper, we performed this LC-MS-MS procedure to further confirm other forms of nitrogen mustards also alkylate albumin at the same Cys-34 site.
For example, in the case of HN-2 tripeptide tandem MS spectrum analysis (Figure 3 key fragments are highly specific to HN-2 adducts and their presence in MS are confirmative of HN-2 alkylated at Cys-34 residue position on serum albumin of human blood. Similar spectra analysis applied to the other respective mustard-tripeptides gave the same confirmatory results. The identity of the tripeptide adducts was also confirmed by de novo sequencing to extract complete amino acid sequences information from the MS-MS spectra. This was performed with PEAKS Studio bioinformatics software which carried out sequencing without the use of online searching tools and databases (17). Nitrogen and sulfur mustard was defined as a fixed modification to the albumin digests which will occur in all instances to cysteine. For example, for HN-2-tripeptide PEAKS de novo sequencing, HN-2 modification mass was set to 101 units instead of 102 (exact mass of hydrolyzed HN-2) because one hydrogen atom on Cys-34 was lost when HN-2 forms a covalent bond during the alkylation process. Figure 4 shows the de novo sequencing results upon importing the HN-2-tripeptide tandem MS spectrum into the bioinformatics software. The top-scoring result is displayed as (HN-2-C)PF at a 99% confidence level. This peptide sequencing result verifies that HN-2 binds to cysteine which is at the N-terminal of the tripeptide. As alternative sequencing predictions have < 1% confidence level, this affirmed that the top-scoring sequence is the accurate result. Similar data analysis was applied to the rest of the mustard-tripeptides' spectrums and the topscoring results obtained in each case validated the identities of the respective mustard-adduct 9.8 compounds.
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LC-MRM screening analysis
MRM mode is used in this study to develop a rapid screening method for these CWA adducts. With the knowledge of the binding site of nitrogen and sulfur mustard on human serum albumin and confirmation of the adduct identities through LC-MS-MS analysis and PEAKS de novo sequencing, the information acquired were programmed into a MRM run sequence with four channels. Within each channel, a specific mustard-albumin tripeptide parent ion was allowed to be transmitted to the second fragmentation stage (MS2) and fragmented to produce key daughter ions as shown in Table I . Thus, a total of 12 transitions from parent to daughter ions were monitored concurrently (3 transitions/channel x 4 channels). This is a very selective mode as the presence of a signal in a particular channel denotes the existence of that respective nitrogen or sulfur-albumin adduct due to the MRM transitions captured from the fragmentation of the biomarker. The results in Figure 5 illustrate the suitability of this screening methodology to report exposure to any specific nitrogen or sulfur mustard (Figures 5B-5E ) in its specific channel. In the event of exposure to a combination of mustards ( Figure 5F , example of exposure to HN-1 and HD), peaks will similarly appear in their specific channels. This illustrates the robustness of this screening method to verify exposure to various forms of HN-1, HN-2, HN-3, and HD concurrently.
It should be noted that the choice of the three key fragments used for MRM monitoring per channel was based on the selection of significantly abundant fragments from the parent adduct ion to daughter ions. Furthermore, in the analysis of HN-3-tripeptide adduct, it was found that two peaks were observed in that channel (see Figure 5D ). Analyzing the peaks' identities revealed that the major peak was contributed by [M + HI +, m/z 497 --', C~H14NO2, rn/z 132 and S+C6H14NO2, m/z 164. The minor peak was found to be the transition from [M + HI § m/z 497 ---, MH -C6H~4NQ, m/z 364. This fragmentation pattern resulting in dual peaks in Figure 5D (Channel 3) is unique to HN-3 adduct and is not seen for other
,o cases where a single sharp peak dominates.
LC-MRM is a very sensitive monitoring procedure to analyze for mustard-tripeptides. This is due to superior signal-to-noise (S/N) ratio as only specific daughter ions are monitored, compared to a full MS-MS scan where all fragments from a particular parent molecular ion were analyzed. With higher S/N ratio, this bioanalytical methodology will be able to give more sensitive detection limit results. Using only 2 mL of blood for analysis, we are able to detect in vitro exposure to human blood to 200nM of HN-1, 100nM of HN-2, 200nM of HN-3, or 50nM of HD by applying this novel LC-MRM screening method (with a S/N ratio of at least three in any of the four channels). These levels correspond to a very low level of exposure to nitrogen and sulfur mustards as these concentrations are all below 50 parts per billion of mustard agents in blood.
Furthermore, analyzing MS fragmentations in different channels proved to be advantageous in this study. This is due to very close retention times of HN-2 and HN-3 adducts (see Table II ). Thus, it would be difficult to separate these two peaks in LC-MS-MS and this would have pose problems in elucidating the mustard-adduct identity.
Conclusions
In this study, we have shown that various forms of nitrogen and sulfur mustard bind covalently to Cys-34 in human serum albumin in the formation of stable adducts that can be digested by pronase to give adducted tripeptides. These albumin-derived adduct biomarkers were accurately identified in LC-MS-MS and sequenced using PEAKS Studio de novo sequencing bioinformatics software. We demonstrated the development of a rapid screening method using mass spectrometry MRM mode (with four channels) to validate exposure to a single type or a combination of HN-1, HN-2, HN-3, and HD through monitoring specific adducts' transitions to their respective daughter ions. Using only 2 mL of blood for analysis, we are able to detect in vitro exposure to human blood to 200nM of HN-1, 100nM of HN-2, 200nM of HN-3 , or 50nM of HD by applying this novel LC-MRM screening method. This technique can quickly affirm whether an individual has been exposed to any of the four types of nitrogen or sulfur mustard described should any MRM channel reports a positive result. Development of this screening method into a verification tool will be the target of future plans. port from the organic synthesis group of DSO National Laboratories is also gratefully acknowledged. This work was funded by the Directorate of Research & Development, Defence Science and Technology Agency, Singapore.
